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ABSTRACT
Supernova explosions are inherently asymmetric and can accelerate new-born neutron stars (NSs)
to hundreds of km s−1. Two prevailing theories to explain NS kicks are ejecta asymmetries (e.g.,
conservation of momentum between NS and ejecta) and anisotropic neutrino emission. Observations
of supernova remnants (SNRs) can give us insights into the mechanism that generates these NS kicks.
In this paper, we investigate the relationship between NS kick velocities and the X-ray morphologies
of 18 SNRs observed with the Chandra X-ray Observatory and the Ro¨ntgen Satellite (ROSAT). We
measure SNR asymmetries using the power-ratio method (a multipole expansion technique), focusing
on the dipole, quadrupole, and octupole power-ratios. Our results show no correlation between the
magnitude of the power-ratios and NS kick velocities, but we find that for Cas A and G292.0+1.8,
whose emission traces the ejecta distribution, their NSs are preferentially moving opposite to the bulk
of the X-ray emission. In addition, we find a similar result for PKS 1209–51, CTB 109, and Puppis A;
however their emission is dominated by circumstellar/interstellar material, so their asymmetries may
not reflect their ejecta distributions. Our results are consistent with the theory that NS kicks are
a consequence of ejecta asymmetries as opposed to anisotropic neutrino emission. In the future,
additional observations to measure NS proper motions within ejecta-dominated SNRs are necessary
to constrain robustly the NS kick mechanism.
Subject headings: ISM: supernova remnants, methods: data analysis, techniques: image processing,
X-rays: ISM, stars: neutron, proper motions
1. INTRODUCTION
In the past decades, evidence has mounted that su-
pernova explosions (SNe) can have significant deviations
from spherical symmetry. Spectropolarimetric studies
that measure the polarization of light as it is scattered
through the debris layers of expanding SNe have demon-
strated that both Type Ia and core-collapse (CC) SNe
are aspherical near maximum brightness (e.g., Wang &
Wheeler 2008; Kasen et al. 2009; Inserra et al. 2016).
Line profiles in nebular spectra (100–200 days after ex-
plosion) of SNe also show evidence of ejecta asymmetries
(e.g., Mazzali et al. 2001; Maeda et al. 2010; Maeda 2012;
Uchida et al. 2013; Winkler et al. 2014). Confirmation of
these asymmetries is also possible via comparison of the
SN light echo spectra from several dust concentrations
around SNRs (e.g., Rest et al. 2011).
Neutron stars (NSs), the compact objects formed in
some CC SNe, may provide information about the SN ex-
plosion mechanism and its effect on ejecta asymmetries.
NSs are typically ‘kicked’ in the explosions to velocities
of hundreds of km s−1 (Lyne & Lorimer 1994; Arzouma-
nian et al. 2002; Hobbs et al. 2005; Faucher-Gigue`re &
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Kaspi 2006), with some sources reaching velocities of ∼
1000 km s−1 (e.g., Chatterjee et al. 2005; Winkler & Pe-
tre 2007). These 1000 km s−1 velocities are larger than
can be accounted for by the disruption of a close binary
system (which typically produce velocities of ∼100 km
s−1: Lai 2001), suggesting that the explosion is the likely
cause of these kicks.
Two theories have been proposed to explain the cause
and direction of NS kicks. In the first scenario (here-
after the ejecta asymmetry model), hydrodynamical in-
stabilities lead to asymmetric mass ejection, accelerat-
ing the NS in a direction opposite to the bulk of ejecta
(Scheck et al. 2006; Wongwathanarat et al. 2013; Janka
2017). For example, simulations by Wongwathanarat
et al. (2013) reveal that gravitational forces from the
anisotropic ejecta can generate NS recoil velocities of at
least ∼700 km s−1, and 2D models by Scheck et al. (2006)
have achieved NS velocities exceeding 1000 km s−1. This
model predicts that the heavy elements (e.g., iron, tita-
nium) are expelled in a direction opposite to the NS kick,
while the intermediate-mass elements (e.g., carbon, oxy-
gen, neon, magnesium) are only marginally affected.
In the second scenario, anisotropic neutrino emission
carries away the bulk of the gravitational binding energy
of the neutron star, and both the NS and the ejecta move
opposite to the direction of the majority of that energy
(Fryer & Kusenko 2006). However, several authors have
noted that strong (>∼ 10
16 G) magnetic fields and specific
assumptions about the field configuration or nonstandard
neutrino physics are necessary to generate kick velocities
of ∼300 km s−1 (Scheck et al. 2006; Wongwathanarat
et al. 2013). Both of these models can reproduce the ob-
served spin-kick alignment in pulsars (Spruit & Phinney
1998; Johnston et al. 2005; Fryer & Kusenko 2006; Janka
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2017; Mu¨ller et al. 2017).
Supernova remnants (SNRs) offer the means to dis-
tinguish between these two scenarios. Several hundred
SNRs have been identified in the Milky Way and the
Large and Small Magellanic Clouds (e.g., Badenes et al.
2010; Green 2014), and many of these sources have de-
tected compact objects and/or pulsar wind nebulae (e.g.,
Gaensler & Slane 2006; de Luca 2008). The metals
synthesized in the explosions are shock-heated to X-ray
emitting temperatures, and X-ray observations of SNRs
have revealed complex morphologies that may reflect
asymmetries in SN explosion mechanisms (see Weisskopf
& Hughes 2006 and Vink 2012 for a review). For exam-
ple, the young SNR Cassiopeia A (Cas A) has asymmet-
ric velocity gradients in its ejecta knots and jets that are
attributed to its explosion (DeLaney et al. 2010; Fesen
et al. 2006; Hwang & Laming 2012; Milisavljevic & Fesen
2015; Grefenstette et al. 2017).
The complex structure of SNRs makes it difficult to
systematically compare sources. To address this chal-
lenge, Lopez et al. (2009a) developed techniques to quan-
titatively characterize emission from SNRs. Subsequent
work showed that the X-ray and infrared morphologies
of CC SNRs are more elliptical and mirror asymmetric
than those of Type Ia SNRs (Lopez et al. 2009b, 2011;
Peters et al. 2013). The origin of these asymmetries re-
mains unclear: they may reflect the asymmetries inher-
ent to the explosion mechanism, or they may arise from
interactions with an inhomogeneous medium. For exam-
ple, kinematic studies demonstrate large-scale asymme-
tries in SNR ejecta (e.g., SN 1987A: Boggs et al. 2015;
Cas A: Rest et al. 2011; Grefenstette et al. 2017), while
observations and simulations show that interaction with
a dense medium can alter the morphology and thermo-
dynamic properties of SNRs (e.g., Tenorio-Tagle et al.
1985; Lazendic & Slane 2006; Slane et al. 2015).
In this paper, we examine the relationship between the
X-ray morphology of a sample of Milky Way SNRs and
their NS velocities to assess both the role of the explosion
mechanism in shaping SNRs and to probe the origin of
NS kicks. For this work, we exploit multi-epoch Chan-
dra X-ray Observatory archival images to measure NS
transverse velocities, and we compare them to the asym-
metries of the X-ray morphologies as observed by Chan-
dra and the Ro¨ntgen Satellite (ROSAT). In Section 2,
we describe the observations used in this study and the
selection criteria to build our sample. In Section 3, we
explain the methods used to analyze the X-ray morphol-
ogy and to measure the NS velocities. In Section 4, we
present our results, while in Section 5, we discuss the
implications regarding the origin of NS kicks. Section 6
summarizes our conclusions and outlines possible future
work that would test SN models using SNRs and their
compact objects.
2. OBSERVATIONS, SAMPLE, AND DATA ANALYSIS
We utilize archival X-ray observations of 18 SNRs se-
lected based on the criteria discussed in the following
paragraphs. Specifically, we employ X-ray imaging data
from the Chandra Advanced CCD Imaging Spectrome-
ter (ACIS) and ROSAT’s Position Sensitive Proportional
Counter (PSPC). We did not include XMM-Newton ob-
servations in our analysis because no targets that met
our selection criteria were imaged only by XMM-Newton.
One source, CTB 109, has been observed by both ROSAT
and XMM-Newton, and we opted to use the former be-
cause the SNR was imaged fully in one ROSAT pointing,
whereas the XMM-Newton mosaic required stitching of
several pointings together.
Images of the SNRs are shown in Figure 1. Our sample
is comprised of relatively young (<∼ 20 kyr old) Milky Way
CC SNRs that are imaged fully by Chandra or ROSAT,
have strong thermal X-ray emission, and have a detected
NS with a reported or measurable transverse velocity.
SNRs are typically classified as CC SNRs based on their
elemental abundances and on the presence of a neutron
star near their centers (see references in Table 2). We
do not consider SNRs in other galaxies because they are
too distant to measure NS proper motions. In addition,
we exclude from our sample the SNRs dominated by
non-thermal emission, as the X-ray morphologies would
reflect the structure of the synchrotron radiation from
the forward shock or a large PWN. For example, G21.5–
0.9 was excluded because non-thermal emission from the
PWN covers a large fraction of the remnant and domi-
nates the full X-ray band (Safi-Harb et al. 2001).
Since we are investigating the spatial distribution of
thermal X-ray emission, we only selected remnants whose
emission is dominated (>∼ 90%) by thermal emission in
the 0.5–2.1 energy band. For the SNRs imaged fully by
Chandra, we extracted X-ray spectra from multiple re-
gions and fit the data in each region using XSPEC Ver-
sion 12.9.0 (Arnaud 1996) with AtomDB7 3.0.7 (Smith
et al. 2001; Foster et al. 2012). For the larger SNRs im-
aged by ROSAT, we extracted and fit the X-ray spectra
from multiple regions of Chandra observations if avail-
able( see Table 1). By fitting multiple regions, it allowed
us to account for variations in the thermal properties
across the remnant. We modeled all of the data as an
absorbed (phabs) thermal plasma (vapec or vpshock) plus
a power-law component. We allowed the elemental abun-
dances (e.g., Mg, Si, S, Ar, Fe) to vary and capped the
photon index to below 3.0 so the power-law component
would reflect non-thermal emission. We used the solar
abundance table from Anders & Grevesse (1989). We
adopted the best-fit results to compute the total unab-
sorbed flux contributed by the thermal and power-law
components. In Table 2 we have listed the relevant prop-
erties, including estimated ages, distances, and neutron
star velocities (derived in this work or found in the liter-
ature) for our sample of 18 SNRs.
Data reduction and analysis was performed using the
Chandra Interactive Analysis of Observations (ciao)
Version 4.7 and ftools (Blackburn 1995). For the rem-
nants with diameters smaller than 16′ in X-rays, we pro-
duced exposure-corrected Chandra images in the 0.5–2.1
keV band, merging observations via the ciao command
merge obs. We then removed point sources using the
commands wavdetect and dmfilth, including removal of
the NS and associated PWN (if applicable) from the im-
ages. For all SNRs except for CTB 109, the PWN size
is <∼ 2% of the radius of the remnant, and thus their re-
moval does not dramatically affect the morphology of the
SNRs. The PWN in CTB 109 is approximately 10% of
the SNR radius. However, since the power-ratios weight
more heavily emission at large radii, removal of the PWN
7 atomdb.org
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Fig. 1.— Images of the SNR sample before point source removal in the order they are listed in Table 2. Blue crosses are the calculated
centers-of-emission, red squares are the geometric centers, and purple triangles denote the location of the NS associated with each SNR.
The yellow circles are the 1-σ confidence interval for the explosion site determined via back-evolving the NS’s proper motion, except in
Cas A and G292.0+1.8 where the explosion sites are determined from back-evolving filament motions. Only the SNRs with measured
proper motions from multi-epoch imaging have yellow circles (see Tables 1 and 2). The white scale bars are 2 arcminutes. North is up,
and east is left.
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near the origin has minimal effect on their values.
For the larger remnants, we analyzed ROSAT images
but did not exposure correct them as doing so produced
artifacts in the images that affected the power-ratio re-
sults. For example, the power-ratio values for G11.2–
0.3 differed between the Chandra and exposure-corrected
ROSAT images, but the values were consistent when us-
ing exposure-uncorrected ROSAT images. This effect
held true for all SNRs with both Chandra and ROSAT
observations, and thus we opted against exposure cor-
rection for the ROSAT images to enable comparison be-
tween the Chandra and ROSAT results.
2.1. Properties of the SNRs
As we aim to compare the ejecta distribution to the
NS kick velocities, it is important to consider the contri-
bution of ejecta and circumstellar/interstellar material
(CSM/ISM) to the thermal X-ray emission of each rem-
nant. Generally, the components that contribute most to
the thermal X-ray emission in SNRs are bremsstrahlung
continuum and emission lines from collisionally-ionized
plasmas. Depending on the age and ambient density,
the plasmas may be under-ionized (in non-equilibrium
ionization: NEI) or in collisional ionization equilibrium
(CIE; we note that ionization timescales >∼ 10
12 s cm−3
suggest the plasma is in CIE: Smith & Hughes 2010).
Alternatively, some SNRs have evidence of recombin-
ing and over-ionized plasmas thought to arise from rapid
cooling caused by molecular cloud interactions (e.g., see
Kawasaki et al. 2005). Given the low densities and young
ages of our sample, thermal emission can arise from ei-
ther the shock-heated ejecta or the CSM/ISM.
In the following paragraphs, we summarize the contri-
bution of ejecta and CSM/ISM in each source’s X-ray
emission based on previous studies. Ejecta emission is
characterized by super-solar abundances of metals such
as Mg, Si, and S, and CSM/ISM emission has sub-solar
or solar metal abundances. In sources where the emis-
sion is primarily from ejecta, the asymmetries measured
by the power-ratio method reflect the ejecta distribu-
tion from the explosion. For SNRs that have significant
emission from CSM/ISM or dense molecular clouds, the
asymmetries measured by the power-ratio method are in-
fluenced by the environment and thus may not reflect the
asymmetries of the explosion. In our sample, multiple
remnants show evidence of interactions with CSM/ISM
(3C 391, W44, 3C 396, W51C, CTB 109, IC 443, Pup-
pis A, and RCW 103; see details within this section), and
we mark them as interacting (see e.g, Figure 2).
G11.2−0.3–G11.2−0.3 was first detected at X-ray
wavelengths with Einstein HRI (Downes 1984) and was
subsequently observed with ROSAT (Reynolds et al.
1994) and with Chandra (Kaspi et al. 2001; Roberts
et al. 2003; Lopez et al. 2011; Borkowski et al. 2016).
The PWN and 65-ms period pulsar associated with
G11.2−0.3 were discovered using ASCA observations
(Vasisht et al. 1996; Torii et al. 1997), and Kaspi et al.
(2001) showed that the pulsar is only 8′′ from the geomet-
ric center of the SNR. Borkowski et al. (2016) used mul-
tiple epochs of Chandra observations to measure a shell
expansion rate that implied an age of 1400–2400 years,
making G11.2−0.3 one of the youngest identified CC
SNRs in the Milky Way. Lopez et al. (2011) performed a
spatially-resolved spectroscopic analysis of 23 regions us-
ing Chandra data and found that the spectra were best-
fit by a single absorbed, NEI component with absorb-
ing columns of NH ≈ (2.1− 2.9)× 1022 cm−2, tempera-
tures of kT ≈ 0.6− 1.4 keV, and ionization timescales of
net ≈ (0.9−10)×1011 s cm−3. The Chandra X-ray spec-
tra have prominent Mg, Si, and S lines, and the fits by
Lopez et al. (2011) showed these elements have super-
solar abundances in most regions, indicating an ejecta
origin of the emission.
G15.9+0.2–G15.9+0.2 is a young (a few thousand
year old) SNR with a shell-like morphology in X-rays
(Reynolds et al. 2006). Using deep Chandra observa-
tions, Klochkov et al. (2016) showed that the X-ray point
source CXOU J181852.0−150213 in G15.9+0.2 is a cool-
ing, low-magnetized neutron star of the central compact
object (CCO) class (e.g., Pavlov et al. 2004). Recently,
Maggi & Acero (2017) analyzed archival XMM-Newton
observations of G15.9+0.2, extracting spectra from sev-
eral locations along the shell and interior. These data
have strong Mg, Si, S, Ar, and Ca lines, as well as a
weak Fe K feature. Maggi & Acero (2017) found that
the spectra were best-fit by an absorbed, NEI plasma
model, with absorbing columns of NH ≈ (4 − 5) × 1022
cm−2, temperatures of kT ≈ 0.7 − 1.5 keV, and ioniza-
tion timescales of net ≈ (7− 9)× 1010 s cm−3 (except in
the northwest, where the faint shell has net > 3.5× 1011
s cm−3). All regions showed enhanced abundances (with
≈ 1.3− 4.3× the solar values) of the detected metals.
G18.9−1.1–G18.9−1.1 is a composite SNR that was
first observed at X-ray wavelengths with a pointed
ROSAT observation by Fuerst et al. (1997). They found
that the spectra were best described by an absorbed,
NEI plasma model with temperature kT ≈ 0.95 keV and
a column density of NH = (3.4±1.5)×1021 cm−2. Subse-
quently, Harrus et al. (2004) analyzed ROSAT and ASCA
observations of G18.9−1.1. These authors showed that
the spectra from the SNR were predominantly thermal in
nature, and the best-fit model was an absorbed, thermal
plasma in non-equilibrium ionization, with NH ≈ 1022
cm−2, a temperature of kT ≈ 0.9 keV, and an ionization
timescale of net ≈ 1.1×1010 s cm−3. Harrus et al. (2004)
found marginal evidence for supersolar abundances of Mg
and Si in their fits. Using follow-up Chandra observations
of G18.9−1.1, Tu¨llmann et al. (2010) identified a faint
X-ray point source, CXOU J182913.1−125113, with an
associated trail of diffuse emission thought to be a PWN.
Spectra extracted from the region of the PWN required
a power-law component as well as a thermal component
to adequately fit the data, and Tu¨llmann et al. (2010)
interpreted this result as evidence of contamination from
the SNR’s thermal emission.
Kes 73–Kes 73 (G27.4+0.0) is a young (<∼ 2000 years
old), shell-type SNR with the magnetar 1E 1841−045
located near its center (Gotthelf & Vasisht 1997; Va-
sisht et al. 1997). Due to its small angular extent (≈4′
in diameter), Chandra and XMM-Newton observations
were necessary to disentangle the magnetar’s emission
from the ejecta; the latter has a clumpy substructure
throughout the remnant (Lopez et al. 2011; Kumar et al.
2014). Kumar et al. (2014) performed fits to the Chan-
dra and XMM-Newton X-ray spectra from nine regions
of Kes 73 and found that the data were best described by
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two absorbed, thermal components, one hot NEI plasma
(with kT ≈ 1.6 keV and net ≈ [0.5 − 3] × 1011 s cm−3)
with solar abundances, and one colder component (with
kT ≈ 0.5 keV) near CIE (with net>∼ 6 × 1011 s cm−3),
with supersolar abundances of Si and S. Lopez et al.
(2011) extracted Chandra spectra from 30 clumps iden-
tified in X-ray images, and their data were best-fit by
an absorbed, single thermal plasma in NEI, with absorb-
ing columns of NH ≈ (2 − 3) × 1022 cm−2, tempera-
tures of kT ≈ 0.6 − 1.2 keV, and ionization timescales
of net ≈ (0.8− 45)× 1011 s cm−3. These authors found
supersolar abundances of Mg, Si, and S in most regions,
indicating an ejecta origin of the thermal emission.
3C 391 (G31.9+0.0)–3C 391 was first detected in X-
rays using Einstein (Wang & Seward 1984) and has been
extensively followed up in multiple wavelengths. Radio
observations revealed that the SNR exhibits a shell-like
morphology, while extended radio emission indicative of
a shock breakout into a low density environment is seen
towards the southeast (Reynolds & Moffett 1993). Two
1720 MHz OH masers (Frail et al. 1996b) as well as
enhanced CO (Wilner et al. 1998) and [Oi] (Reach &
Rho 1996) emission is seen along the shell, evidence that
the remnant is interacting with a nearby molecular cloud
(e.g., Reach & Rho 1999). 3C 391 has been studied in
X-rays using Einstein (Wang & Seward 1984), ROSAT
(Rho & Petre 1996), ASCA (Chen & Slane 2001), Chan-
dra (Chen et al. 2004) and Suzaku (Sato et al. 2014).
These observations revealed a center-filled morphology
characteristic of mixed-morphology SNRs (Rho & Petre
1998). Using a deep Chandra observation, Chen et al.
(2004) found that its X-ray emission is best described us-
ing a NEI plasma with approximately solar abundances
of Mg, Si and S, and a uniform temperature throughout
the SNR of kT ≈ 0.2 keV approaching CIE. Follow-up
observations using Suzaku further confirmed the presence
of a near-CIE plasma; however, Sato et al. (2014) found
that the X-ray spectrum of 3C 391 requires an additional
high-temperature (kT ≈ 0.50 keV) recombining plasma
(RP) component. The detection of enhanced Ca led Sato
et al. (2014) to suggest that the RP component arises
from ejecta from a 15M progenitor, and its high ioniza-
tion timescale (net ≈ 1012 s cm−3) makes it one of the
only SNR that shows evidence of overionization whose
plasma is in/close to ionization equilibrium.
W44 (G34.7−0.4)–Due to its center-filled X-ray
morphology and bright radio synchrotron shell, W44 is
one of the most well studied mixed-morphology SNRs in
radio (e.g., Kundu & Velusamy 1972; Handa et al. 1987;
Jones et al. 1993), X-rays (e.g, Harrus et al. 1997; Rho
et al. 1994; Shelton et al. 2004; Kawasaki et al. 2005;
Uchida et al. 2012) and gamma-rays (e.g., Ackermann
et al. 2013). This 20 kyr (Wolszczan et al. 1991) remnant
shows strong evidence of molecular cloud/shock interac-
tion (e.g., Claussen et al. 1997; Frail & Mitchell 1998;
Seta et al. 1998, 2004; Reach et al. 2005; Uchida et al.
2012), and it is one of the brightest GeV gamma-ray
SNRs detected (e.g., Ackermann et al. 2013). Shelton
et al. (2004) found metal-rich ejecta at the center of
the SNR using Chandra observations of W44. Uchida
et al. (2012) confirmed these results with Suzaku and
showed that the X-ray spectra of W44 are best described
as an overionized plasma with enhanced abundances of
Ne, Mg, Si, S, Ar, and Ca. There is a slight tempera-
ture gradient in the remnant, with a hotter temperature
(kT ≈ 0.48 keV) at its center compared to its outer re-
gions (kT ≈ 0.40 keV). Shelton et al. (2004) suggested
that the complicated morphology and nature of this rem-
nant arises from either evaporation of swept-up clouds
(White & Long 1991) or from thermal conduction (Cox
et al. 1999; Shelton et al. 1999). The hard X-rays are not
associated with the pulsar (B1953+01: Wolszczan et al.
1991), so the emission may arise from particles acceler-
ated by the SNR shock front.
3C 396 (G39.2−0.3)–3C 396 is a middle-aged
(≈3000–7000 years old), composite SNR (Harrus & Slane
1999; Su et al. 2011). ASCA observations of 3C 396
revealed a non-thermal component dominates at the
center of 3C 396 (Harrus & Slane 1999), and Chan-
dra observations resolved this emission as a PWN (Ol-
bert et al. 2003). Su et al. (2011) extracted Chan-
dra X-ray spectra from multiple locations around the
perimeter of 3C 396, and emission lines from Si, S, Ar,
and Ca were evident. They found the data were best-
fit by an absorbed, single NEI plasma, with absorbing
columns of NH ≈ (4.4 − 5.5) × 1022 cm−2, tempera-
tures of kT ≈ 0.7 − 1.3 keV, and ionization timescales
of net ≈ (0.4 − 2.7) × 1011 s cm−3 (although the south-
west and east of the SNR only had lower-limits on net
of > 4 × 1011 s cm−3 and > 0.8 × 1011 s cm−3, respec-
tively). Su et al. (2011) obtained supersolar abundances
of Si, S, and Ca in several regions of the SNR, indicative
of an ejecta origin for the thermal emission despite the
moderate age of 3C 396. We note that 3C 396 is thought
to be interacting with molecular clouds based on 12CO
J = 1 − 0 and 12CO J = 2 − 1 observations, particu-
larly on the western side where the SNR appears to be
confined by a molecular wall (Su et al. 2011).
W51C (G49.2−0.7)–W51C is located in a compli-
cated region of the sky and is associated with a num-
ber of compact Hii regions, dense molecular material,
and the massive star forming region W51B (e.g., Bieging
1975; Mufson & Liszt 1979; Koo & Moon 1997a; Car-
penter & Sanders 1998; Koo 1999; Kumar et al. 2004).
W51C has been detected in radio (Copetti & Schmidt
1991; Subrahmanyan & Goss 1995) all the way to TeV
energies (Abdo et al. 2009; Feinstein et al. 2009; Aleksic´
et al. 2012; Jogler & Funk 2016, e.g.,) It shows evidence
of interaction with nearby molecular clouds based on the
detection of two OH masers (Green et al. 1997; Brogan
et al. 2013). This remnant has been extensively studied
in X-rays using Einstein (Seward 1990), ROSAT (Koo
et al. 1995), ASCA (Koo et al. 2002), Chandra (Koo et al.
2005; Brogan et al. 2013), XMM-Newton (Sasaki et al.
2014) and Suzaku (Hanabata et al. 2013). These stud-
ies find that the X-ray emission arises from a relatively
hot (kT ≈ 0.50− 0.70 keV), NEI plasma with enhanced
abundances of Ne, Mg, and Si in several regions. Based
on the derived ejecta masses, Hanabata et al. (2013) and
Sasaki et al. (2014) suggested that this remnant resulted
from a >20M progenitor. Hanabata et al. (2013) also
found hard X-ray emission spatially coincident with the
molecular clouds and the two OH masers (Koo et al.
2005; Brogan et al. 2013; Sasaki et al. 2014).
CTB 109 (G109−1.0)–CTB 109, first detected in
X-rays by Einstein (Gregory & Fahlman 1980), is the
host of the anomalous X-ray pulsar (AXP) 1E 2259+586
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(Fahlman & Gregory 1981). Radio (Hughes et al. 1981)
and X-ray (Sasaki et al. 2004) observations have revealed
that CTB 109 has a semi-circular morphology, likely a re-
sult of interactions with a giant molecular cloud (GMC)
complex on its entire western side (Sasaki et al. 2013).
CO extends toward the east from the GMC complex
and along the northern side of the SNR, and significant
gamma-ray emission is detected throughout the SNR
(Castro et al. 2012).
Another distinct feature of this remnant is the “Lobe,”
a region of bright ejecta emission resulting from inter-
actions with dense ISM. Sasaki et al. (2013) performed
spectral analysis on the Lobe and surrounding regions
using Chandra observations. They analyzed 39 regions
in the northeast of the remnant, fitting them with both
a single- and two-component NEI model. The two-
component model represents the emission from both the
shocked ISM and the ejecta. They found that the tem-
perature of the ISM component was kT ≈ 0.1− 0.3 keV
across all regions, and the temperature of the ejecta com-
ponent was higher at kT ≈ 0.4− 0.9 keV. The ionization
timescale of the ejecta component was net ≈ 1011−12
s cm−3 and they found absorbing columns of NH ≈
(0.5− 1.0)× 1022 cm−2 in and west of the Lobe. Larger
absorbing columns of NH ≈ (1.0− 1.5)× 1022 cm−2 were
found in the north where there is evidence of interac-
tion with CO clouds (Sasaki et al. 2006). The spectral
fits of Sasaki et al. (2013) revealed that the emission in
CTB 109 is dominated by ISM below 0.6 keV and by
ejecta above 1 keV.
Cas A (G111.7−2.1)–Cas A is one of the most stud-
ied remnants in the MW because it is the youngest CC
SNR known in the galaxy with an age of only ≈340 years
(Thorstensen et al. 2001). It was the target of Chandra’s
first light observation (Hughes et al. 2000), and since then
many megaseonds of Chandra time have been dedicated
to studying it. Prominent features of Cas A are its dis-
tinct ejecta knots, which span from the center to and past
the forward shock (Hughes et al. 2000; Hwang & Laming
2003). Optical observations have shown that Cas A is
an O-rich SNR (e.g., Chevalier & Kirshner 1978). Stud-
ies of light echoes from the explosion have revealed that
Cas A was produced by an asymmetric Type IIb super-
nova with variations in ejecta velocities of ≈ 4000 km s−1
(Rest et al. 2011).
Hwang & Laming (2012) and Rutherford et al. (2013)
performed spectral analysis of several regions in Cas A
using Chandra ACIS observations, and modeled the data
as an absorbed, NEI plasma. They found temperatures
ranging from kT ≈ 1−3 keV and an average column den-
sity of NH ≈ 1.3×1022 cm−2. The calculated abundances
of Si, S, Ar, and Ca were 3–7 times the solar values, in-
dicating that the emission from Cas A is dominated by
ejecta emission.
We note that the reverse shock in Cas A has not yet
propagated through the whole remnant (Gotthelf et al.
2001). However, Hwang & Laming (2012) estimate that
the unshocked ejecta only comprise ≈10% of the total
ejecta mass, so the X-ray emitting ejecta reflect the ma-
jority of the metals synthesized in the explosion.
CTA 1 (G119.5+10.2)–CTA 1 was first detected in
X-rays by ROSAT (Seward et al. 1995) and has a center-
filled X-ray morphology. It is a large SNR with a radio
shell diameter of ≈ 1.8◦ (Seward et al. 1995) and a de-
rived age of 1.3×104 yr from a Sedov solution (Slane et al.
2004). Non-thermal X-rays in CTA 1 reveal the presence
of a PWN with a central radio pulsar RX J0007.0+7303
that exhibits jet-like structure (Slane et al. 1997; Halpern
et al. 2004). Slane et al. (2004) initially modeled the
ASCA spectra of CTA 1 as an absorbed power-law and
discovered that a thermal CIE component was required
to fit the data below ≈1 keV. They found a column den-
sity of NH ≈ 2.8×1021 cm−2, a spectral index of Γ ≈ 2.3,
and a plasma temperature of kT ≈ 0.27 keV. The non-
thermal component arises from the synchrotron nebula
that extends from the pulsar to the SNR shell.
To date, the abundances of the thermal plasma have
not yet been constrained, and thus it is unknown
whether the thermal X-rays arise from the ejecta or the
CSM/ISM. However, given the mature age of the SNR,
it is likely that the X-ray emission is ISM-dominated.
IC 443 (G189.1+3.0)–IC443 is another well studied
mixed-morphology SNR. This source is coincident with
both a giant molecular cloud complex (Cornett et al.
1977) and an OB1 association (Humphreys 1978). It is
also among the brightest gamma-ray SNRs in the MW
(e.g., Esposito et al. 1996; Sturner & Dermer 1995; Ac-
ciari et al. 2009; Ackermann et al. 2013). In addition to
a number of radio studies (Braun & Strom 1986; Snell
et al. 2005), this remnant has been extensively followed
up in X-rays (e.g., Petre et al. 1988; Kawasaki et al.
2002; Troja et al. 2006, 2008; Bocchino et al. 2009; Ya-
maguchi et al. 2009; Ohnishi et al. 2014). Originally,
Troja et al. (2008) suggested that the X-ray emission
of IC 443 could be well described by a two-component
plasma, one low temperature (kT ≈ 0.30 − 0.50 keV),
NEI component associated with shocked ISM and a hot,
(kT ≈ 1.10−2.00 keV) ejecta component in CIE with su-
persolar abundances of Mg, Si and S. However, analysis
of ASCA and Suzaku observations revealed that an ad-
ditional low temperature (kT ≈ 0.60 keV), overionized
plasma component is necessary to account for the line
ratios and the radiative recombination continua features
in the spectra (Kawasaki et al. 2002; Yamaguchi et al.
2009; Ohnishi et al. 2014).
Puppis A (G260.4−3.4)–Puppis A was first de-
tected in X-rays with Einstein observations (Petre et al.
1982) and was subsequently observed with ROSAT (As-
chenbach 1993), Chandra (Hwang et al. 2005), XMM-
Newton (Hui & Becker 2006; Katsuda et al. 2010), and
Suzaku (Hwang et al. 2008). The X-ray emission in Pup-
pis A is thermal in nature (Luna et al. 2016), with ev-
idence of knotty ejecta in the east and to the north of
Puppis A (Katsuda et al. 2008, 2010; Dubner et al. 2013).
Hwang et al. (2008) performed spectral analysis using
Suzaku observations, modeling various regions in the east
of the remnant. They used an absorbed NEI model and
found a temperature of kT ≈ 0.6−0.8 keV and a column
density of NH ≈ 0.3× 1022 cm−2. The northern regions
showed slightly super-solar Si abundances, but most of
the remnant is best-fit with sub-solar abundances, con-
sistent with follow-up work demonstrating that the emis-
sion in Puppis A is dominated by CSM/ISM (Dubner
et al. 2013; Luna et al. 2016). The emission on its eastern
side is likely enhanced from interactions with a molecular
cloud (Arendt et al. 2010; Dubner et al. 2013). In addi-
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tion, there is evidence of dust absorption in the south-
west from IR (Arendt et al. 2010) and X-ray (Dubner
et al. 2013) observations, which may be the cause for the
fainter X-ray emission in that region.
MSH 11−62 (G291.0−0.1)–First observed with
Einstein (Wilson 1986), MSH 11−62 is a centrally-bright
SNR with a young pulsar powering a PWN. The distance
estimate to MSH 11−62 is uncertain, but thought to be
near 5 kpc (Slane et al. 2012). In front of the SNR is the
open cluster Tr 18 at a distance of ≈ 1.5 kpc (Vazquez
& Feinstein 1990), which can be seen as the many point
sources in Figure 1. X-ray observations with ASCA (Har-
rus et al. 1998), XMM-Newton, and Chandra (Slane et al.
2012) revealed that the spectrum of the remnant and pul-
sar can be best described using absorbed thermal and
nonthermal components. Slane et al. (2012) fitted the
spectra using a NEI plasma and a power-law component.
They fixed the column density to the best-fit value for
the PWN (NH ≈ 6.7× 1021 cm−2), and found an ioniza-
tion timescale of net ≈ 2.9 × 1010 s cm−3 and kT ≈ 2.8
keV. There is evidence for super-solar abundances of Ne,
Mg, and Si throughout the remnant, indicating that the
thermal emission reflects the distribution of ejecta.
G292.0+1.8–G292.0+1.8 is an “oxygen-rich” SNR
based on optical emission from fast ejecta knots rich in
oxygen (Goss et al. 1979; Murdin & Clark 1979). It has
an elliptical X-ray morphology with a central equatorial
belt running east to west (Park et al. 2002; Lee et al.
2009; Ghavamian & Williams 2016). Several X-ray stud-
ies using Chandra (Park et al. 2004; Bhalerao et al. 2015)
have shown that G292.0+1.8 has emission from both
metal-rich ejecta and shocked CSM, with CSM mainly
located in the equatorial belt. Bhalerao et al. (2015) per-
formed spectral modeling of 33 regions. They modeled
the spectra as an absorbed NEI plasma plus a power-law
component for regions near the central pulsar. They al-
lowed O, Ne, Mg, Si, S, and Fe abundances to vary and
found that most regions in the remnant have super-solar
abundances (>∼ several times solar), indicating an ejecta
origin of the X-ray remission. However, most of the emis-
sion from the equatorial belt has sub-solar abundances
and is likely CSM material.
PKS 1209−51 (G296.5+10.0)–First detected in
X-rays with HEAO-1 (Tuohy et al. 1979), the SNR
PKS 1209−52 is a large (81′-diameter) SNR with a
radio-silent central NS (Zavlin et al. 1998). The NS,
1E 1207.4−5209, was first discovered with Einstein
(Helfand & Becker 1984). Kellett et al. (1987) per-
formed spectral analysis on EXOSAT data and found
evidence for thermal emission. They used an absorbed
single-temperature CIE plasma model, and found a col-
umn density of NH ≈ 1.4 × 1021 cm−2 and an average
temperature of kT ≈ 0.15 keV. However, due to its large
and diffuse nature, Chandra, XMM-Newton, and Suzaku
have not mapped the entirety of this SNR; most observa-
tions have focused on the vicinity of the CCO. Thus, the
abundances of the thermal plasma have not been mea-
sured previously and the thermal emission could arise
from ejecta or CSM/ISM.
PKS 1209−51 does show signs of interaction. In par-
ticular, Araya (2013) analyzed Fermi Gamma-ray Space
Telescope observations of this SNR, and it was detected
with≈5-σ significance above 500 MeV. Many GeV-bright
SNRs are known to be interacting with molecular clouds
(e.g., Hewitt et al. 2009; Castro et al. 2013), so the Fermi
detection of PKS 1209−51 may suggest that the remnant
is interacting. It is unclear whether or how this remnant
is interacting with CSM or ISM, so the emission could
reflect the ejecta distribution or the local environment.
MSH 15−56 (G326.3−1.8)–First detected in radio,
(Mills et al. 1961), MSH 15−56 is a composite SNR. Ra-
dio observations revealed a SNR shell and a luminous
PWN (Dickel et al. 2000). It was also detected in X-
rays by ROSAT (Kassim et al. 1993), ASCA (Plucinsky
1998), XMM-Newton and Chandra (Temim et al. 2013).
It has clumpy X-ray emission, with enhancement near the
PWN. Temim et al. (2013) performed spectral analysis of
eight regions in the southwest area of MSH 15−56 using
Chandra and XMM-Newton observations, focusing on the
pulsar and the surrounding regions. An absorbed, two-
component model with a power-law and a NEI plasma
was needed to accurately fit the spectra. They found
a best-fit column density of NH ≈ 5.1 × 1021 cm−3, a
temperature of kT ≈ 0.5 − 0.6 keV, and an ionization
timescale of net ≈ 2 × 1011 s cm−3 for most regions.
The northern regions, the largest and most central to
the SNR, showed enhanced abundances of Si and S (3–
4× solar values: Temim et al. 2013). Regions near the
pulsar showed abundances closer to solar values or were
unconstrained by the fit.
RCW 103 (G332.4−0.4)–RCW 103 is a shell-type
remnant with an estimated age of ≈ 2000 years (Carter
et al. 1997). It is host to an unusual magnetar with a
6.67-hour periodicity thought to be generated by a fall-
back accretion disk (Tong et al. 2016; Ho & Andersson
2017; D’Aı` et al. 2016) or a binary (De Luca et al. 2006).
Oliva et al. (1990, 1999) performed IR spectroscopy of
RCW 103 and found emission from molecular and ionized
gas in the south. Further studies in the IR and radio
revealed that this remnant is interacting with a molecular
cloud in the southeast (Pinheiro Gonc¸alves et al. 2011).
In the X-rays, Lopez et al. (2011) and Frank et al.
(2015) performed spectral analysis of RCW 103 using
Chandra observations. Lopez et al. (2011) analyzed 31
regions and modeled the spectra as an absorbed NEI
plasma. They found an average column density of NH ≈
6 × 1021 cm−2, a temperature of kT ≈ 0.53 keV, and
an ionization timescale of net ≈ 7 × 1011 s cm−3. In
nearly all regions examined, the abundances of Mg and
Si were found to be statistically above solar values, ex-
cept in the southeast. Frank et al. (2015) also modeled
the Chandra spectra with one NEI or with two thermal
(one NEI and one CIE) components. They found that
the single-component fits suggested the CSM dominates
the X-ray emission (based on the subsolar best-fit abun-
dances). However, in the two-component fits, they found
that roughly half of the 27 regions analyzed have ejecta
emission (with supersolar abundances of Ne, Mg, Si, S,
and/or Fe). Frank et al. (2015) noted that it is chal-
lenging to disentangle the CSM and ejecta emission in
RCW 103 as they are interspersed throughout the SNR.
3. METHODS
We use the power-ratio method (PRM) to analyze the
asymmetries of X-ray emission in SNRs. This method
was employed to characterize the X-ray morphology of
galaxy clusters (Buote & Tsai 1995, 1996; Jeltema et al.
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2005) and was adapted by Lopez et al. (2009a) for use
on SNRs. Using the PRM, we calculate the multipole
moments of extended emission to probe asymmetries.
Power-ratios, the nth-order power moment divided by
the zero-th power moment, are used to directly com-
pare sources of different total fluxes. For a more de-
tailed/mathematical description of this method and its
application to SNRs, see Lopez et al. (2009a).
3.1. Center-of-Emission Analysis
In our first series of calculations, we adopt the center-
of-mass of the emission (hereafter center-of-emission) as
the origin of the multipole expansion. In this case,
the dipole power-ratio, P1/P0, approaches zero while
the higher-order moments give details about successively
smaller-scale asymmetries. P2/P0 is the quadrupole
power-ratio and quantifies ellipticity/elongation of an ex-
tended source. P3/P0 is the octupole power-ratio and
is a measure of mirror asymmetry. Figure 1 shows the
center-of-emission (blue crosses) for each SNR.
Uncertainties in the power-ratios are estimated via the
Monte Carlo analysis described in Lopez et al. (2009a).
The program AdaptiveBin (Sanders & Fabian 2016) is
used to bin the SNR into sections of equal total photon
counts. Then, the counts in each bin are replaced by a
number taken randomly from a Poisson distribution with
the mean equaling the original number of counts. This
process is repeated 100 times to create 100 mock images
of each source. We then measure the power-ratios of
these 100 images, and take the average as the true power-
ratio. We adopt the sixteenth-highest and -lowest values
as the confidence limits, chosen to match the 1-σ range
of a Gaussian distribution.
3.2. Explosion Site Analysis
For the sources with reliable measures of the explo-
sion sites (Cas A, G292.9+1.8, CTB 109, Puppis A,
PKS 1209, and RCW 103), we also compute the power-
ratios by adopting the explosion sites as the origin of the
multipole expansion. In this case, the dipole power-ratio
(P1/P0) measures the displacement between the center-
of-emission and the explosion site.
The explosion sites are derived by back-evolving the
proper motion of the NS or SNR filaments assuming ages
given in the literature (listed in Table 2). The yellow el-
lipses in Figure 1 show the explosion site locations with
sizes reflecting the 1-σ confidence region using the back-
evolved NS velocities or filaments. For some sources (e.g.,
G11.2–0.3, G189.1+0.3), this method results in explo-
sion sites that are unphysical, such as at the edge of the
SNR shell, even though statistical uncertainties in the NS
proper motion are small. Systematic uncertainties may
be substantially larger, as in e.g., G11.2−0.3, where the
ellipse is significantly offset from the center-of-emission
and the geometric center. For these sources, we do not
use the proper motion velocity. Other sources do not
have precise enough NS or filament proper motions to de-
termine reliable explosion sites. For example, G34.7−0.4
has large errors that provide almost no constraint on the
explosion site, and both Kes 73 and MSH 11−62 have
velocity errors of < 100 km s−1. Consequently, for these
sources, we do not perform the power-ratio analysis using
the explosion site as the origin.
3.3. Neutron Star Velocities
Generally, two approaches are utilized to estimate NS
velocities in literature: 1) a proper motion measurement
using multi-epoch images (e.g., Auchettl et al. 2015); 2)
approximation of the velocity, given the NS’s spatial off-
set from the geometric center and the age and distance
of the SNR (e.g., Kaspi et al. 2001). The latter approach
requires a single observation with a NS detection; thus
it is the most common way to estimate velocities in the
literature. However, this method can lead to significant
errors as it assumes that the NS originated at the geomet-
ric center of the SNR. This assumption is not necessarily
valid as interactions with an inhomogenous medium can
distort the shape of SNRs so that the geometric center is
not the actual explosion site. Furthermore, an assump-
tion of age is necessary to convert geometric offsets to
NS velocities, but SNR dynamical ages are often uncer-
tain by a factor of >∼ 2 (e.g., G350.1−0.3 has a calculated
age of 600–1200 years: Lovchinsky et al. 2011) and have
correlated errors with SNR distance estimates. In addi-
tion, growing evidence shows that spin–down ages of NSs
might not represent the true ages of the sources (Popov
& Turolla 2012; Nakano et al. 2015; Rogers & Safi-Harb
2017).
Proper motion measurements yield more accurate ve-
locities but require multiple epochs of high spatial res-
olution images over a long time baseline. The average
transverse velocity of isolated radio pulsars is close to
250 km s−1 (Hobbs et al. 2005), which corresponds to a
motion of only ≈0.2′′ over a 10-year baseline for a Milky
Way remnant at a distance of 3 kpc. Thus, sub-arcsecond
spatial resolution is crucial for measuring NS proper mo-
tions, and Chandra is the only current X-ray facility with
that capability.
We searched the literature for reported NS velocities
associated with Galactic SNRs, preferably using proper
motions, but including those estimated using the geo-
metric offset method. NS proper motions have been ac-
curately measured in four SNRs that meet our selection
criteria (CTB 109, IC 443, Puppis A, and PKS 1209−51)
using Chandra or near-infrared imaging. These values
and associated references are listed in Table 2.
In addition, three SNRs (Cas A, G292.0+1.8, and
W44) in our sample have NS velocities measured in
the literature using methods other than the geometric
offset or NS proper motion, and we adopt these val-
ues in our analysis. The explosion sites of Cas A and
G292.0+1.8 were inferred from the motion of filaments
detected through extensive monitoring of these SNRs
(Thorstensen et al. 2001; Fesen et al. 2006; Winkler et al.
2009). Given the inferred distances and ages to these
sources, we calculate the transverse velocities of their as-
sociated NSs using the inferred explosion sites and the
current position of the NSs.
The velocity of the NS B1953+01 in the SNR W44 was
estimated using multiple methods resulting in velocities
of 315–470 km s−1 with a median value of 375 km s−1
(Frail et al. 1996a). These methods include the geometric
offset method, a relation between the NS’s velocity and
the SNR shock velocity, and balancing pressure between
the PWN and the hot gas interior in W44 (see Frail et al.
1996a for more details).
For all other targets, we searched for multi-epoch
Comparing NS Kicks to SNR Asymmetries 9
Fig. 2.— The quadrupole (left) and octupole (right) power-ratios vs. neutron star velocities for the sample of SNRs. Blue points are
velocities measured via proper motions while red points represent velocities measured via the geometric method. Cas A and G292.0+1.8’s
NS velocities are determined by back-evolved filament motion to find the explosion site, while W44’s NS velocity is determined by multiple
methods described in Section 3.3. Circles indicate there is no evidence of SNR interaction with CSM/ISM, and squares indicate clear
evidence of interaction. The error bars associated with the velocity measurement for the red points only reflect the uncertainty in the
geometric center. They do not account for age and distance uncertainties or the difference between geometric center and explosion site, all
of which lead to an error likely >∼ 2 times the reported velocity.
Chandra archival observations to derive our own trans-
verse NS velocities. Five sources (G11.2−0.3, G15.9+0.2,
Kes 73, MSH 11−62, and RCW 103) had multiple ACIS
observations over a baseline of >∼ 10 years (see Table 1
for details). For each SNR, we used the two observations
over the longest baseline in which the NS was detected to
measure the NS proper motion. The observations used
are listed in Table 1, denoted by the rows with “NS” as
the purpose.
The astrometric accuracy of Chandra ACIS8 is ∼0.6′′,
which is of the same order of magnitude as the expected
NS motion over the ∼10 year baselines. To improve this
accuracy, we performed an astrometric correction using
the positions of point sources across two epochs of Chan-
dra observations (a similar method as in e.g., Section 2 of
Becker et al. 2012). We identified point sources detected
in all epochs of observations and separated them into two
categories: sources associated with optical stars from the
UCAC4 catalog (Zacharias et al. 2013) and sources likely
to be active galactic nuclei (AGN) based on their high X-
ray hardness ratios. We derived the true positions of the
stars at both epochs, accounting for their proper mo-
tions, and assumed that AGN, as background sources,
do not move. We calculated an error-weighted average
of the difference in identified point sources’ known posi-
tions and their Chandra positions (as measured using the
ciao command wavdetect) and used this value to correct
the position of the NSs at each epoch. These corrected
positions are used to calculate the NS’s motion over the
two epochs. The velocities, along with their errors and
directions, are listed in Table 2.
This method produces uncertainties of tens to hun-
dreds of km s−1 and is likely more representative of the
true velocities than those derived from geometric offsets.
If the resulting proper motions were consistent with zero
km s−1 at the 1-σ level and/or the velocity is significantly
above 1000 km/s at the 1-σ level (as was the case for
G11.2−0.3 and G15.9+0.2), then we adopted the velocity
given by the geometric offset method. For the remaining
8 See http://cxc.harvard.edu/cal/ASPECT/celmon/
remnants that did not have multi-epoch Chandra obser-
vations, we estimated the NS velocities using their off-
sets from the geometric center of the SNR and assume
the SNRs’ dynamical ages are the NSs’ ages (listed in
Table 2).
3.4. Checks
To verify the robustness of the PRM, we compared the
derived power-ratios for individual sources observed with
both Chandra and ROSAT. These values were consistent
across our sample. We also explored whether the power-
ratios correlated with physical size or age of the SNRs,
and we found no statistically significant trends between
any of these parameters.
Furthermore, we investigated whether the estimated
NS velocities depended on the time baseline between the
multi-epoch observations. For example, the reported ve-
locity of the NS in Puppis A has decreased as observa-
tions with longer baselines were used, going from 1122
to 672 km s−1 with 5.5- and 10.5-year baselines, respec-
tively (Hui & Becker 2006; Becker et al. 2012). In our
sample, we note that no NS proper motions with >∼ 10
year baselines had velocities over 1000 km s−1. Thus,
long baselines (>∼ 10 years) reduce systematic uncertain-
ties and are crucial to derive reliable NS proper motions.
4. RESULTS
Figure 2 shows the quadrupole power-ratio (left) and
octupole power-ratio (right) versus the NS transverse ve-
locities using the center-of-emission as the origin of the
multipole expansion. We find no correlation between ei-
ther P2/P0 or P3/P0 and NS velocity. This lack of a sig-
nificant correlation holds for both the proper motion and
geometric offset velocity estimates when taking into ac-
count the large errors of the geometric estimates. In ad-
dition, both non-interacting and interacting SNRs (pre-
sented as circles and squares in Figure 2, respectively) do
not show a trend in the power-ratios versus NS velocity.
However, we note that most SNRs with large P2/P0 and
P3/P0 are known to be interacting.
When we adopted the explosion site as the origin of
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Fig. 3.— The dipole (left), quadrupole (middle), and octupole (right) power-ratios vs. neutron star velocities for the sample of SNRs,
using the explosion site as the origin for analysis. Blue points are for NS proper motion determined velocities and explosion sites while
black points are for filament proper motion determined velocities and explosion sites (Cas A and G292.0+1.8). Circles indicate there is no
evidence of SNR interaction with CSM/ISM, and squares indicate clear evidence of interaction.
the multipole expansion, we also found no correlation be-
tween the power-ratios (dipole, quadrupole, or octupole)
and the NS velocities (see Figure 3). We note that the
interacting SNRs tend to have larger dipole power-ratios
than the non-interacting SNRs. However, the sample size
of six SNRs in this analysis is small.
In addition to examining the magnitude of the power-
ratios and NS velocities, we also investigated their direc-
tions. Each power-ratio – the dipole (P1/P0), quadrupole
(P2/P0), and octupole (P3/P0) – has an associated di-
rection. The dipole power-ratio angle points toward the
bulk of the X-ray emission. The quadrupole power-ratio
angle represents the semi-major axis of the ellipse that
best matches the SNR’s X-ray emission. The octupole
power-ratio angle points in the direction of the largest
mirror asymmetry.
We compared the angle associated with each multipole
term to the direction of the NS’s motion. For this analy-
sis, we only used the six SNRs that had accurate explo-
sion sites determined by NS or filament proper motion
measurements (CTB 109, Cas A, Puppis A, G292.0+1.8,
PKS 1209−51, RCW 103). Figure 4 shows images of
these SNRs with their dipole angle and NS direction of
motion labeled. We do not perform this calculation us-
ing the center-of-emission as the origin for the power-
ratio analysis because the NS does not originate from
the center-of-emission. Thus the difference in angles has
no physical significance.
Figures 5 and 6 show the difference in the direction
of the dipole, quadrupole, and octupole power-ratios
and the direction of NS propagation, as a function of
the respective power-ratios. Five of the six SNRs with
well-constrained explosion sites (Cas A, G292.0+1.8,
CTB 109, Puppis A, and PKS 1209−51) yielded dipole
angle differences of ∼155–180◦, indicating that the NS
is moving in the opposite direction as the majority of
emission. However, in RCW 103, the NS is moving in
the same direction as the dipole angle. We see no sta-
tistically significant trend for either the quadrupole or
octupole power-ratio angle measurements. In the next
paragraphs, we discuss each of the six sources of Fig-
ure 5 in turn, focusing on whether emission arises from
ejecta or CSM/ISM. If the remnants’ emission are ejecta
dominated, then the data in Figure 5 reflect the direction
of ejecta compared to the NSs’ motion and thus can be
compared to the predictions of SN explosion simulations.
Otherwise, the emission may trace the CSM/ISM and be
unrelated to the explosion and kick mechanism.
The dipole of Cas A points to the north/northeast,
while the NS is moving to the south/southwest, produc-
ing an angle difference of ∼155◦. This result is consistent
with the finding of Hwang & Laming (2012) who showed
that the ejecta are recoiling in a direction that is ∼150◦
from the NS’s motion. As the youngest CC SNR known
in the Milky Way, Cas A’s emission is ejecta-dominated
(Hwang & Laming 2012; Rutherford et al. 2013), and
thus its morphology reflects the asymmetries of the ex-
plosion.
G292.0+1.8 is another SNR with ejecta-dominated
emission where the NS direction (moving to the south-
east) is opposite to the bulk of emission toward the
northwest. As discussed in Section 2.1, G292.0+1.8 has
shock-heated emission from CSM/ISM along the equa-
torial belt, but the dipole angle points to ejecta in the
northwest. Thus, we conclude that the dipole angle re-
flects the bulk distribution of ejecta in G292.0+1.8.
PKS 1209−51 (G296.5+10.0) is the third SNR where
the majority of the emission (to the southeast) is oppo-
site to the NS’s motion (to the northwest). Although
the SNR is bright in GeV gamma-rays (Araya 2013), no
other indicators of molecular cloud interaction have been
found. Thus, it is unclear whether inhomogeneous heat-
ing from CSM/ISM interactions has altered the SNR’s
X-ray morphology and affected the dipole angle direc-
tion. In addition, while the X-ray emission originates
from a thermal plasma (Kellett et al. 1987), the abun-
dances cannot be constrained with existing data, so the
thermal emission could arise from ejecta or CSM/ISM.
Puppis A (G260.4−3.4) also has the majority of emis-
sion (to the northeast) opposite to the NS’s motion (to
the southwest). The dipole angle points to a region with
super-solar abundances, indicating an ejecta origin for
that emission (Dubner et al. 2013). However, it is likely
enhanced due to an interaction with a molecular cloud
there. Furthermore, as discussed in Section 2.1, the inte-
grated emission of the SNR is dominated by CSM/ISM
overall. Thus, the X-ray morphology is influenced by the
environment and may not reflect the distribution of the
ejecta.
For CTB 109, the dipole direction is oriented toward
the east while the NS is moving to the west. Spectral
models by Sasaki et al. (2013) demonstrate that the SNR
has significant ejecta emission in the 0.5−2.1 keV band.
However, enhanced emission in the northeast results from
interaction with ISM, and the west is dim because of a
GMC complex there. Thus, the X-ray morphology may
be reflective of its numerous interactions.
The NS in RCW 103 is moving in the same direction as
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Fig. 4.— 0.5–2.1 keV Chandra and ROSAT images of the six SNRs for which we have robust measures of their explosion sites. The
green arrow points from the explosion site to the direction of the dipole moment. The white arrow points in the direction of NS motion.
In Cas A and G292.0+1.8, the dipole moment direction reflects the bulk of ejecta emission. In CTB 109, Puppis A, and RCW 103, the
dipole moment points towards enhanced emission due to interactions with CSM/ISM or a molecular cloud. It is unclear if the emission
comes from ejecta or interactions in PKS 1209−51.
Fig. 5.— The angle difference between the dipole angle and the direction of NS motion from the SNR explosion site as a function of the
magnitude of the dipole power-ratio. The explosion sites for Cas A and G292.0+1.8 are calculated using back-evolved filament motion,
which is then taken as the NS birth site. The explosion sites for the rest are determined by back evolving the NS’s proper motion. Circles
indicate there is no evidence of SNR interaction with CSM/ISM, and squares indicate clear evidence of interaction.
the dipole angle (toward the southeast), contrary to the
results from the other SNRs. The most likely reason for
this result is that RCW 103 is interacting with a molec-
ular cloud to the south (Frank et al. 2015), enhancing
X-ray emission there. As Frank et al. (2015) discussed,
the ejecta emission seems well-mixed with the CSM/ISM
emission. There are no regions where ejecta dominates
the emission relative to that from the CSM/ISM (like
there are in CTB 109 and Puppis A), so the molecular
cloud interaction plays the largest role in governing the
dipole direction. Thus, the ∼0◦ angle difference may not
reflect the relationship between the ejecta distribution
and NS motion.
In addition, we note that the NS in RCW 103 has an
unusual 6.67-hour periodicity, whose formation history is
unknown (e.g., De Luca et al. 2008; Tong et al. 2016; Ho
& Andersson 2017; D’Aı` et al. 2016). Thus, an unusual
explosion may have also affected the relationship between
the bulk of the ejecta and the NS kick.
5. DISCUSSION
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Fig. 6.— The angle difference between the direction of the quadrupole (left) and the octupole (right) moments and the direction of
neutron star movement from the SNR explosion site as a function of the magnitude of the power-ratios. The explosion sites for Cas A and
G292.0+1.8 are calculated using back-evolved filament motion, which is then taken as the NS birth site. The explosion sites for the rest
are determined by back-evolving the NS’s proper motion. Circles indicate there is no evidence of SNR interaction with CSM/ISM, and
squares indicate clear evidence of interaction.
We find no correlation between the NS velocities and
the magnitude of the power-ratios in the 0.5–2.1 keV im-
ages. This result holds whether we adopt the center-of-
emission (Figure 2) or the explosion site (Figure 3) as the
origin of the multipole expansions. This finding implies
that the small-scale (elliptical and mirror) asymmetries
in the X-ray emission and the NS kicks may arise from
or be affected by different processes. However, given the
limitations of the geometric method (see Section 3.3),
NS velocities estimated this way are not reliable (nine
sources in our sample). Therefore, it is necessary to ob-
tain more NS proper motion measurements before we can
conclude robustly that small-scale asymmetries are un-
correlated with NS velocities. Additionally, we note that
eight SNRs in our sample are interacting with molecular
clouds. These interactions alter their X-ray morpholo-
gies and may produce their large power-ratios presented
in Figure 2.
We do find a correlation between the dipole angle and
the direction of NS motion in the explosion-site analysis:
five out of the six SNRs (CTB 109, Cas A, Puppis A,
G292.0+1.8, and PKS 1209−51) with reliable explosion
site constraints have dipole moments directed opposite
to the NS kick (see Figure 5). As discussed in Sec-
tion 4, the X-ray emission in two of these SNRs (Cas A,
and G292.0+1.8) is ejecta-dominated. It is unknown if
the emission from PKS 1209−51 arises from ejecta or
CSM/ISM, and both CTB 109’s and Puppis A’s inter-
actions with molecular clouds may have affected their
dipole angles. Consequently, it may be coincidental that
these sources exhibit the ∼180◦ difference between dipole
angle and NS direction. However, CTB 109 and Puppis A
do have distinct ejecta knots found in the opposite direc-
tion as their NSs’ motion. It is unlikely that three out of
the four interacting remnants by chance have emission di-
rectly opposed to their NSs’ motion (consistent with the
ejecta-dominated remnants) if the dipole moment direc-
tion is due to molecular cloud interaction alone. Thus, it
is probable that the ejecta of these remnants contribute
to their emission and dipole directions.
RCW 103 has a dipole angle in the same direction
as the NS’s motion. However, the X-ray morphology
of RCW 103 may not reflect the ejecta distribution be-
cause of the bright emission produced by interaction with
a molecular cloud. In addition, RCW 103 has no distinct,
X-ray bright ejecta knots (Frank et al. 2015) to influence
the dipole direction, so the relation of the ejecta dipole
moment to the emission dipole moment is unknown.
Given that both of the ejecta-dominated sources and
three other SNRs with possible ejecta emission have NSs
moving opposite to their emission, our results are consis-
tent with NSs being kicked opposite to the bulk of the SN
ejecta (Wongwathanarat et al. 2013; Mu¨ller 2016; Janka
2017) rather than by anisotropic neutrino emission (Fryer
& Kusenko 2006).
Given the anti-correlation between NS direction and
the position of the ejecta, we expect that there might be a
relationship between the magnitude of the dipole power-
ratios and the magnitude of the NS velocities. However,
our small sample size prevents us from drawing a con-
clusion about the presence of such a trend. As shown
in Figure 3, the remnants affected by CSM/ISM inter-
actions have systematically higher dipole asymmetries
than the ejecta-dominated remnants. Only Cas A and
G292.0+1.8 are ejecta-dominated and two sources are
not enough to draw a robust conclusion about the rela-
tionship between SNR ejecta and the magnitude of SNR
velocities. In order to test robustly the relationship be-
tween NS velocities and the magnitude of SNR ejecta
asymmetries, a larger sample of non-interacting SNRs
with ejecta-dominated emission is needed.
We note that our bandpass is dominated by emission
from O, Mg, and Si. Recent theoretical work predicts
the distributions of O and Mg are only marginally cor-
related with NS motion, whereas heavier elements (Si
and above) exhibit significant enhancement in the di-
rection opposite to the NS kick (Wongwathanarat et al.
2013). These heavy metals are better tracers of explosion
asymmetries; thus the dipole magnitude from only heavy
element emission may show a stronger correlation with
NS kick velocity than the emission in the 0.5–2.1 keV
band. Future work can test this hypothesis, although
only young SNRs have detectable radioactive Ti or are
hot enough to produce Fe Kα emission (the Fe L complex
at ∼0.9–1.1 keV is not optimal for this analysis because
it is blended with Ne lines at CCD energy resolution,
Comparing NS Kicks to SNR Asymmetries 13
and absorption attenuates the emission at these lower
energies).
The uncertainties in NS velocities limit the inferences
we can draw from the data. The geometric method for
assessing NS velocities requires several assumptions, as
discussed in Section 3.3, making this method less reliable
than other measurements. To get accurate transverse ve-
locities, measurements of NS proper motions or of SNR
filament expansions are needed. However, these stud-
ies require repeated, high spatial resolution images over
>
∼ 10 years. Among our sample, three SNRs (G11.2−0.3,
G15.9+0.2, and W44) do not have NS proper motion
measurements in the literature nor have long enough
baselines in their multi-epoch Chandra ACIS observa-
tions to resolve the NS proper motion. Longer time base-
lines and the use of high spatial resolution imaging are
crucial to measure NS positions and proper motions re-
liably.
6. CONCLUSION
We have investigated the relationship between NS ve-
locities and SNR soft X-ray morphologies as imaged by
ROSAT and Chandra in a sample of 18 Galactic sources.
NS velocities are estimated using either proper motion
measurements or the geometric method, and SNR asym-
metries are quantified using the power-ratio method. In
our sample of SNRs with robust explosion site determi-
nations, we found that five out of six (CTB 109, Cas A,
PKS 1209−51, G292.0+1.8, and Puppis A) have NS mo-
tions directed opposite to the majority of their X-ray
emission. The X-ray emission reflects the distribution
of ejecta in two of these SNRs (Cas A and G292.0+1.8).
Two other SNRs (CTB 109 and Puppis A) show evidence
of ejecta emission in the direction of the dipole moment,
but significant CSM/ISM contribution makes it unclear if
their morphologies reflect the ejecta. It is unknown how
interactions have affected the shape of PKS 1209−51.
Although environment may influence the morphologies
of these SNRs, it is unlikely that three out of the four
interacting SNRs with well-constrained explosion sites
have the same trend as the ejecta-dominated remnants
unless ejecta contribute non-negligibly to the emission.
Contrary to the other remnants, in RCW 103 the
dipole moment points in the same direction as the NS
motion (toward the southeast). However, molecular
cloud interactions have enhanced the emission there, in-
fluencing the direction of the dipole. As it is hard to
disentangle the CSM emission from the ejecta emission
in the rest of this SNR, it remains possible that the NS
is moving opposite of ejecta.
As both Cas A and G292.0+1.8 are ejecta-dominated,
our results are consistent with predictions from models
where the NS is kicked by ejecta asymmetries (Scheck
et al. 2006; Wongwathanarat et al. 2013; Mu¨ller 2016;
Janka 2017).
We did not find a correlation between the magnitude
of SNR asymmetries and NS velocities. However, the
absence of a trend may be due to the large uncertain-
ties in NS velocity measurements and not being able
to disentangle CSM/ISM and ejecta components suffi-
ciently. In our sample, only two remnants are both
ejecta-dominated and have precise NS velocities mea-
sured via proper motions. More X-ray observations of
young SNRs and precise proper motion measurements
of NSs are necessary to search for a robust trend in the
relationship between NS velocities and SNR ejecta asym-
metries.
Future work can help to elucidate the role of SN explo-
sion and the surrounding environment in shaping SNRs.
For example, SNRs’ asymmetries may evolve with age,
particularly as mature SNR morphologies reflect their
environments (e.g., Gaensler 1998; West et al. 2016). In
addition, explosion asymmetries may differ by nature or
characteristics of the compact objects (e.g., neutron stars
or black holes; magnetic field strength of the NSs). For
example, Duncan & Thompson (1992) suggested that
magnetars may be formed by progenitors with rapidly-
rotating cores that lead to bipolar explosions. A cor-
relation between SNR quadrupole power-ratio and NS
magnetic field would support this scenario.
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